Recent results show that the 8-oxoguanine DNA repair system is functionally conserved in bacteria and mammals. The bacterial system protects the genome from the mutagenic effects of oxidative stress; the role of the mammalian system is expected to be similar and defects in it may increase susceptibility to cancer. Some of the basic metabolic pathways of the cell can produce reactive oxygen species that are potentially genotoxic or mutagenic. For example, respiration, which reduces oxygen to water in the course of generating ATP, also produces as toxic by-products superoxide anions, hydrogen peroxide and hydroxyl radicals. These reactive oxygen species can interact with DNA to produce a wide variety of types of damage. Reactive oxygen species are also generated as a means of defense in the phagocytic burst [1], and as mediators of intracellular signal transduction [2] . Higher eukaryotes are thus constantly exposed to these reactive oxygen species and presumably have repair systems designed to cope with the lesions generated in their DNA.
A particularly prevalent lesion, and one that has been extensively studied in bacterial systems, is 8-oxoguanine ( o G). This lesion is highly mutagenic because of its potential to mispair with adenine during replication. The o G DNA repair system of Escherichia coli is composed of a triad of enzymes that serve to counteract the mutagenic potential of o G [3] . MutY and MutM proteins act to repair DNA that has suffered the direct formation of a lesion, while MutT protein acts to remove d o GTP from the deoxynucleoside triphosphate precursor pool that fuels the replicative polymerase. The loss of MutM or MutY functions leads to a substantial increase in G:C→T:A transversions, while the loss of MutT function leads to a substantial increase in A:T→C:G transversions ( Figure 1 ). Recent studies in mammalian systems and in the budding yeast Saccharomyces cerevisiae have shown that eukaryotes have a similar o G repair system. Loss of a yeast o G repair enzyme can lead to increased levels of mutagenesis, and defects in the human o G repair system may be important in cancer.
Repair of o G in yeast
Two laboratories have recently cloned the OGG1 gene of yeast and shown that its product yOGG1 is a functional homolog of the E. coli MutM protein [4, 5] . The yOGG1 protein recognizes and removes o G from o G:C and o G:T base pairs in DNA. The o G:C base pair is one of the primary lesions formed in DNA by reactive oxygen species, and is mutagenic as replicative polymerases will readily insert an A opposite o G leading to the formation of G:C→T:A transversions. The yOGG1 protein is a DNA glycosylase that cleaves the glycosyl bond between o G and its deoxyribose sugar, resulting in the formation of an apurinic (AP) site in the DNA. The enzyme is also an AP lyase, as it carries out a second reaction, a β-elimination, that results in the formation of a nick in the phosphodiester backbone 3′ to the AP site. The resulting nicked apurinic site is a substrate for the base-excision repair pathway, which reconstructs a G:C base pair in the DNA molecule.
While the substrate specificities of yOGG1 and E. coli MutM protein are similar, the primary amino acid sequences of the two proteins are totally dissimilar. It seems very likely that the yeast and E. coli proteins are structurally dissimilar as well. The E. coli MutM protein has been shown to have a zinc finger as part of its DNA binding domain [6, 7] , and to use its amino-terminal proline residue as the active site nucleophile in the glycosylase/AP lyase reaction [8] . yOGG1, on the other hand, shows homology to the endonuclease III/AlkA superfamily of repair glycosylases. The prototypes for this group of enzymes are endonuclease III and 3-methyladenine-DNA glycosylase II, both from E. coli. These enzymes have a helix-hairpin-helix motif, which has been implicated in DNA binding [9, 10] , and members of the endonuclease III subclass use an internal lysine residue as the nucleophile in the glycosylase/AP lyase reaction [9] . yOGG1 has both these elements and thus uses different mechanisms for DNA binding and catalysis than does MutM.
Despite their structural differences, MutM and yOGG1 are functional homologs and the consequences of mutational inactivation of their genes are similar. A mutM strain of E. coli exhibits a 2-15-fold increase in the number of G:C→T:A transversions [3] . Inactivation of yOGG1 has now been reported to have a similar consequence [11] . A targeted gene disruption of the yOGG1 gene completely eliminates enzyme activity directed against o G:C base pairs in crude cell extracts, and yOGG1-deficient cells exhibit a fifty-fold increase in the number of G:C→T:A transversions [11] . It remains to be seen whether yeast has functional homologs of the other components of the bacterial o G system. It is, however, now clear that yeast does not have genes homologous to the mutT and mutY genes. Further genetic and biochemical analysis will be necessary to complete our understanding of the repair pathway for o G in yeast.
Repair of o G in mammals
It has been known for some time that the o G bases in o G:C base pairs are subject to repair by mammalian cell extracts [12] . The actual mechanism for this repair is now becoming clearer from the work of a half dozen laboratories [13] [14] [15] [16] [17] [18] .
Using the sequence of the yOGG1 gene, these groups queried the database of expressed sequence tags and identified several human cDNA clones that showed homology to the yOGG1 gene. A cDNA coding for a 345 amino acid protein with 38% identity to yOGG1 was identified and this protein was shown to be human OGG1 by several criteria.
Verdine and co-workers [13] used a coupled transcription-translation system to produce 35 S-labeled protein that was then used in a sodium borohydride trapping assay. The human OGG1 homolog was found to form a covalent complex with oligonucleotides bearing a o G:C base pair, but not with undamaged oligonucleotides. The specific recognition of a o G:C base pair defines the substrate specificity of the enzyme, while the borohydride induced crosslinking is the hallmark of the β-elimination reaction carried out by AP lyases. Aburatani et al. [14] expressed the protein in bacteria, and purified its protein product to apparent homogeneity. The purified protein released o G from a duplex oligonucleotide bearing a o G:C base pair and also cleaved the oligonucleotide by a β-elimination reaction.
Grollman's group [16] partially purified the enzyme and showed that it cleaved oligonucleotides containing a o G:C base pair and that the reaction proceeded by β-elimination. 
DNA with AP site
Boiteux and co-workers [17] cloned the cDNA sequence into an expression vector and expressed the protein in an E. coli mutM mutant, which lacks any endogenous o Gremoving enzyme activity. They found cells induced to express the human cDNA produced an activity that cleaved oligonucleotides bearing a o G:C base pair. The enzyme exhibits a marked preference for o G:C over o G:T, o G:G or o G:A [13, 14, [16] [17] [18] , which differentiates it from the yOGG1 protein, which accepts o G:T quite readily. The human protein can also reverse the mutator phenotype of an S. cerevisiae strain mutant for OGG1 [18] , or of an E. coli strain mutant for both mutM and mutY, showing that its activity in vivo is consistent with its in vitro activities [14] [15] [16] [17] [18] . Thus, hOGG1 is the functional homolog of MutM in mammalian repair systems (Figure 2 ).
Do mammals have equivalents of the remaining enzymes of the bacterial o G system? The answer is yes. A human MutT homolog has been identified and shown to hydrolyze d o GTP, and expression of the protein can reverse the mutator phenotype of a bacterial mutT strain [19] . A human homolog of mutY has also been cloned and sequenced [20] . The predicted size of the human MutY protein is in good agreement with the size of a protein identified in HeLa cell extracts and nuclear extracts of calf thymus that crossreacted with antibodies against E. coli MutY protein, and that was capable of removing the A from an A: o G base pair [21] . The triad of proteins originally found in E. coli as the components of the o G system is recapitulated in mammalian systems, and two of the three mammalian proteins show significant sequence homology to the bacterial proteins. Although the OGG1 protein is not similar in sequence to MutM, it is functionally homologous in its enzymatic activities. The conservation of this o G DNA repair system in bacteria and mammals strongly suggests that it plays an important role in these organisms.
The o G system and carcinogenesis
The phenotype of both E. coli and yeast strains deficient in one or more of the enzymes of the o G repair system is increased levels of mutagenesis. In the case of E. coli, loss of MutT, MutY or MutM leads to mutation rates similar to those seen when the bacterial mismatch repair system is inactivated. The implication of this is that reactive oxygen species can generate a significant amount of mutagenic DNA damage. What are the possible consequences of inactivating the o G system in mammals?
It has been suggested that the members of a class of cancer-susceptibility genes, called caretaker genes, are DNA repair genes. When a gene of this class is inactivated, the resulting increase in rate of mutagenesis ultimately results in inactivation of gatekeeper genes, which directly affect tumor growth by either inhibiting growth or promoting cell death [22] . A good example is the human mismatch-repair system: the inactivation of genes encoding components of this system causes hereditary nonpolyposis colorectal cancer. As, in bacteria, inactivation of either the mismatch repair system or the o G DNA repair system results in enhanced levels of mutagenesis, do defects in the human o G system promote multi-stage carcinogenesis?
The human OGG1 gene maps to the short arm of chromosome 3 (3p25/26) [13, 15, 17, 18] , which is frequently lost in a number of lung cancers. Is there a direct correlation between loss of the hOGG1 gene and carcinogenesis? At present, the answer is no. Several recent unpublished observations suggest that there is not a major deficiency of OGG1 activity in several different tumor cell lines, but more experiments remain to be done. It is, however, too early to dismiss the role of the o G repair system in carcinogenesis. We now know that mammalian systems share the same three proteins with the bacterial system. In bacteria, severe mutator phenotypes are seen only when both the mutY and mutM genes are defective. Perhaps the same will hold true in mammals. Now that the three mammalian o G repair genes have been cloned, we can anticipate that knockout mice lacking one or more of the genes will be constructed and that their susceptibility to cancer will be tested. When these experiments are completed, we may be able to add the genes of the o G repair system to the list of caretaker genes.
